Antimonene, a new group-VA 2D semiconducting material beyond phosphorene, was recently synthesized through various approaches and was shown to exhibit a good structural integrity in ambient conditions and various interesting properties. In this work, we perform systematical first-principles investigations on the interactions of antimonene with the small molecules CO, NO, NO2, H2O, O2, NH3 and H2. It is found that NO, NO2, H2O, O2, and NH3 serve as charge acceptors, while CO shows a negligible charge transfer. H2 acts as a charge donor to antimonene with the amount of charge transfer being ten times that of H2 on phosphorene. The interaction of the O2 molecule with antimonene is much stronger than that with phosphorene. Surprisingly, the kinetic barrier for the splitting of the O2 molecule on antimonene is low (~0.40 eV), suggesting that pristine antimonene may undergo oxidation in ambient conditions, especially at elevated temperatures. Fortunately, the acceptor role of H2O on antimonene, opposite to a donor role in phosphorene, helps to suppress further structural degradation of the oxidized antimonene by preventing the proton transfer between water molecules and oxygen species to form acids. By comparing antimonene with phosphorene and InSe, we suspect that the acceptor role of water may be a necessary condition for a good environmental stability of such 2D layers to avoid structural decomposition. While the surface oxidation layer may serve as an effective passivation layer from further degradation of the underlying layers, our findings show that antimonene layers still need to be separated or properly protected by other noncovalent functionalization from oxygen or other environmental molecules. The present work reveals interesting insights into the environmental effects of physisorbed small molecules on the oxidation tendency and stability of antimonene, which may be important for its growth, storage and applications.
Introduction
Two-dimensional (2D) materials, such as graphene, phosphorene, InSe, and transition metal dichalcogenides (TMDs), have attracted a great deal of attention in recent years due to their intriguing electronic, optical and other physical properties. [1] [2] [3] [4] [5] [6] [7] More recently, for the first time, antimonene, which is a monolayer of antimony, a new group-VA 2D semiconducting material, was predicted by density functional theory calculations. 8 Subsequently, a high-quality antimonene sheet was obtained by mechanical exfoliation of bulk antimony, 9, 10 and large-sized few-layer antimonene was produced by liquid-phase exfoliation and epitaxy growth on various substrates like SiO2, Bi2Te3, and Sb2Te3. [11] [12] [13] [14] Importantly, antimonene exhibits a high mechanical stability 9 and unique thermodynamic stability in ambient conditions, 12 in strong contrast to the poor stability of phosphorene. Antimonene also possesses a buckled structure, a wide indirect band gap of 2.28 eV, and a high carrier mobility. [15] [16] [17] A previous theoretical study suggested that external strain can be used to tune antimonene from an indirect to a direct band gap semiconductor. 17 Therefore, due to its tunable wide band gap, anisotropic carrier mobility, excellent optical and thermoelectric response and high structural stability at ambient conditions, 2, 17-23 layered antimonene is promising for various potential applications, such as sensors, 22, [24] [25] [26] spintronics, 27, 28 energy storage and conversion devices. 29, 30 Owing to their atomically thin structures, high surface−volume ratio and weak electronic screening, 2D materials, such as graphene, phosphorene, InSe and MoS2, tend to be sensitive to the exposure of external adsorbates including environmental molecules and dopants. 24, 31 For example, phosphorene undergoes structural degradation upon exposure to oxygen and water molecules. [32] [33] [34] [35] [36] External molecules and dopants can also enhance electronic properties and chemical activities of 2D materials by donating electrons/holes or by altering the work function of the host material. 25, 26, 37 For instance, it is well known that hydrogenation of graphene 38 is able to lead to a semimetal-toinsulator transformation, while surface patterning of MoS2 with hydrogen may provide an effective way to create a metallic nanoroad for interconnection. 39 Selective surface decoration by molecules such as NO, NO2 and O2, and typical charge-transfer organic molecules, such as tetracyanoethylene, tetrathiafulvalene and tetracyanoquinodimethane, [40] [41] [42] [43] was shown to cause alteration of carrier density, shift of the Fermi level and even change in the optical properties of many 2D materials. 33, [44] [45] [46] For example, their interactions were shown to cause the changes in excitons and photoluminescence peaks in TMDs 47 and lead to the development of phosphorene-based highperformance gas sensors. 48, 49 To apply the emerging layered antimonene for nanoelectronic and chemical applications, a comprehensive understanding of its interaction with many common environmental molecules is highly desired. However, effects of environmental molecules on the carrier density in antimonene and tendency of charge flow across their interfaces are still unknown.
In this work, by using first-principles calculations, we study the effects of physisorption of several small molecules, including CO, NO, NO2, H2O, O2, NH3 and H2, on the electronic properties of monolayer antimonene. A thorough analysis on the charge transfer across molecular adsorbateantimonene interfaces is carried out. In particular, the stability issue of antimonene under the environmental oxygen and water molecules is examined and discussed from the atomic scale. This topic has not been discussed before and is critically important for the synthesis, storage, and applications of antimonene.
Computational details
Our calculations are performed within the framework of the density functional theory (DFT) by using Vienna ab initio simulation package (VASP). 50 For a proper treatment of the noncovalent chemical interactions between antimonene and small molecules, a van der Waals-corrected functional with Becke88 optimization (optB88) is used. 51 All the considered structures (pure and antimonene adsorbed with molecules) are fully relaxed until the forces on each atom are smaller than 0.01 eV Å −1 . The relaxed lattice constants of monolayer antimonene are a = b = 4.308 Å and the calculated band gap is 1.14 eV (GGA method), which is consistent with the results of recent works. 28, 52, 53 To consider the effects of molecular adsorbates in the dilute doping limit, we place the molecule on an antimonene sheet consisting of a 4 × 4 × 1 supercell (32 Sb atoms). To avoid the interaction between the replicate units, a vacuum space of 20 Å is applied. The first Brillouin zone is sampled with a 6 × 6 × 1 k-mesh grid and a kinetic energy cutoff of 450 eV is adopted. The adsorption energy Ea of a molecule on antimonene is calculated as Ea = ESb+mol -ESb − Emol, where ESb+mol, ESb, and Emol are the energies of the molecule-adsorbed antimonene, the isolated antimonene, and the molecule, respectively. Charge transfer analysis is conducted by the calculation of the differential charge density (DCD) Δρ(r), which is defined as Δρ(r) = ρSb+mol(r) − ρSb (r) − ρmol(r), where ρSb+mol(r), ρSb(r), and ρmol(r) are the charge densities of the molecule-adsorbed antimonene, the isolated antimonene, and the molecule, respectively. The exact amount of the charge transfer between the molecule and the surface is calculated by integrating Δρ(r) over the basal plane at the z point for deriving the plane-averaged DCD Δρ(z) along the normal direction z of the sheet. The amount of transferred charge at the z point is given by
. Based on the ΔQ(z) curve, the total number of electrons donated by the molecule is read at the interface between the molecule and antimonene where Δρ(z) shows a zero value.
Results and discussion
We consider the influence of small molecules CO, NO, NO2, H2O, O2, NH3 and H2 on the electronic properties and chemical activities of antimonene. The adsorption energy and charge transfer between these molecules and the antimonene surface are systematically investigated. For each molecule, several different configurations and possible adsorbing sites are considered, including the top of the Sb site, the top site above the center of the hexagon, and the top site above the Sb-Sb bond with the molecules being aligned tilted, parallel or perpendicular to the surface. We test the random adsorption inside the hexagon, and find that those adsorbing configurations become similar to one of the mentioned three cases, but with slightly higher adsorption energy. The results of the adsorption energy Ea, the charge transfer ∆q and the shortest distance d from the molecule to the Sb atom for the lowest-energy configuration are summarized in Table 1 .
CO adsorption. The most stable configuration and the DCD isosurface plot for the CO molecule adsorbed on antimonene are shown in Figure 1a . The molecule adopts a tilted configuration above the center of the hexagon with d = ~3.72 Å and Ea = −0.12 eV. The DCD isosurface plot ( Figure   1a ) clearly reflects an accumulation of electrons in the region around the C atom, indicating a loss of electrons in the proximity of the antimonene sheet. This is not surprising since elemental C is more electronegative than Sb. Quantitative DCD Δρ(r) analysis ( Figure 1b NO adsorption. Figure 2a shows the most stable configuration and the DCD isosurface plot for the NO molecule adsorbed on antimonene. Similar to the CO adsorption, NO adopts a tilted configuration and is located above the center of the hexagon with d = ~2.70 Å. However,
as a typical open-shell molecule, NO has a much stronger interaction with the underlying antimonene with Ea = −0.44 eV. The magnitude is slightly larger than that of NO on phosphorene (−0.32 eV). 33 The DCD plot in Figure 2a NO2 adsorption. NO2 was predicted to have the strongest interaction among the typical small molecules in the cases of phosphorene 33 and InSe. 54 Such strong interaction was later demonstrated in experiments with the fabrication of phosphorene−based sensors, which show a high selectivity to the NO2 gas in the presence of other gases. 48, 49 Here, for the NO2 molecule adsorbed on antimonene, we predict a much stronger interaction (Ea = −0.81 eV) than on phosphorene (Ea = −0.50 eV 33 ). The most stable configuration and the DCD isosurface plot for the NO2 molecule adsorbed on antimonene are presented in Figure 3a . Therefore, similar to phosphorene, antimonene shows high oxidation ability and may oxidize easily at ambient conditions. On the other hand, antimonene demonstrates a weaker interaction with the H2O molecule, which is similar to phosphorene 32 and graphene. 56 Our calculation suggests that the main source of antimonene oxidation originates from the presence of O2 rather than H2O, owing to a stronger binding strength and a larger amount of charge transfer of O2. (Figure 6b) . A similar acceptor behavior is predicted for the NH3 molecule adsorbed on InSe 54 , while for graphene 26 and phosphorene 33, 55 , the NH3 molecule acts as a donor. The underlying reason for the acceptor role of NH3 is that the N atom is more electronegative than the Sb and Se atoms. The LDOS analysis (Figure 6c ) shows that the nonbonding 3a1 and the doubly degenerated 1e HOMO orbitals are significantly below the Fermi level and largely broadened, which can indicate the hybridization of these states with the valence states of antimonene. The band structure analysis (Figure 6d ) reveals no significant change in the band gap size of antimonene adsorbed with the NH3 molecule compared with that of pristine antimonene. H2 adsorption. The lowest energy configuration for the H2 molecule is shown in Figure 7a, where the molecule adopts a tilted configuration with the H−H bond length of 0.75 Å and is located above the Sb atom at d = 3.56 Å. The Ea of the H2 molecule on antimonene is −0.04 eV, which is almost the same as that of graphene 57 and comparable with that of InSe 54 .
Considering the wide use of graphene as a hydrogen storage material due to its ability for simultaneous stable hydrogen storage and facile release, 58 our predicted H2 adsorption energy for antimonene suggests that antimonene is a promising material for hydrogen storage devices.
The charge transfer analysis (Figure 7b) shows that the H2 molecule is a donor to antimonene with the moderate charge transfer of 0.138 e per molecule. The DCD isosurface plot (Figure 7a ) indicates a depletion of electrons in both H atoms of the H2 molecule and an accumulation of electrons at the nearest Sb atoms. Notably, owing to the similar presence of lone-pair electrons of the surface of phosphorene, InSe and antimonene, it is interesting to compare the charge doping behavior of H2 among them. We found that the H2 molecule serves as a donor for all the three cases. However, the total value of charge transfer from H2 to antimonene is ten times that of H2 on phosphorene while comparable to that of H2 on InSe.
The LDOS (Figure 7c ) and the band structure ( Figure 7d ) analyses reveal that there are no additional H2-induced states in the vicinity of the antimonene band gap. As a result, the band gap size of antimonene adsorbed with the H2 molecule is the same as that of pristine antimonene (1.14 eV).
Discussions

Comparison of antimonene with phosphorene and InSe:
As antimonene is a successor of phosphorene with Sb and P elements being in the same column of the periodic group, it is interesting to compare their surface chemistry with respect to the affinity to the gas molecules.
It is known that one common feature of Sb and P elements is the presence of lone-pair electrons. A recent work on InSe shows that the presence of lone-pair electrons of the surface Se atoms allows the Lewis base-acid reaction with the surface species. 59 To compare these recently emerging antimonene, phosphorene and InSe 2D materials, Figure 8 plots the Ea-∆q relationship for adsorption of small molecules on their surfaces. For antimonene, the ∆q is nearly linearly correlated with Ea for most of the molecules with the exception of H2 and NH3
molecules. This indicates that the redox process associated with the charge transfer dominates the noncovalent interaction of these molecules with antimonene. The linear trend is also largely true in InSe but absent in phosphorene. Clearly, the overall slope of the Ea-∆q curve of phosphorene is higher than that of antimonene. This may be due to a more electronegative nature of P than Sb. Considering that As occupies the same column in the periodic table as P and Sb, it will be interesting to examine the Ea-∆q relationship of arsenene, a layered structure consisting of As atoms. All the considered molecules except the H2 molecule adsorbed on antimonene lead to p-type doping. In comparison with phosphorene, the binding strengths of NO2, O2, NO and H2O molecules are much stronger, while those of CO, NH3 and H2 molecules are weaker on antimonene. Notably, for the H2 adsorption, the amount of charge transferred from antimonene is 0.138 e per molecule, which is ten times that of phosphorene (0.013 e per molecule) and comparable with that of InSe (0.146 e per molecule). The underlying reason might be attributed to the work function of antimonene, which is comparable to that of InSe but much higher than that of phosphorene. In contrast, the adsorption energy of H2 on antimonene is much weaker than on phosphorene, largely due to the weak van der Waals interaction with the heavy Sb element. Oxidation kinetics and mechanisms of good structural stability in antimonene. The interaction of O2 molecules with 2D materials plays a critical role in their stability and performance at ambient conditions as oxidization is the most popular form of structural degradation. The interaction energy between the O2 molecule and antimonene Ea is found to be -0.61 eV, which is more than two times that between the O2 molecule and phosphorene (-0.27 eV). A similar situation is found for the charge transfer (see Table 1 and Figure 8 ). These results are reasonable since Sb is less electronegative than P, which leads to a greater transfer of electrons to the O2 molecule from antimonene. Our findings suggest that the performance of antimonene, for example, the carrier density and mobility, tends to be highly sensitive to the environmental O2 molecule. To predict the oxidization behavior, thermodynamics analysis is insufficient. Therefore, we also perform kinetic analysis on the splitting of the O2 molecule on the antimonene sheet in the form of terminated -O groups. The result from the climbing nudged elastic band (NEB) calculation of the above process is shown in Figure 9 . Surprisingly, the energy barrier for the decomposition of the O2 molecule into two apical -O groups is only ~0.40 eV. Such a small barrier implies that antimonene may undergo oxidation during synthesis and applications. Our prediction is consistent with the experimental findings that there are always some oxygen species above the surface of synthesized antimonene flakes. 11, 12 Previously, the oxidation layer containing antimonene oxide was reported to have exotic electronic properties. 60 The predicted facile formation of oxygen species in the antimonene sheet is somehow surprising since as shown in the phosphorene case, these oxygen species tend to react with environmental H2O molecules, which leads to the degradation of the material by forming acids. 61 However, antimonene was reported to exhibit a good stability in ambient conditions. 9, 12 Hence, the roles of O2 and H2O molecules and their cooperative effect on the stability of antimonene must be different from those in phosphorene. According to Table 1 Owing to the larger lattice constant in antimonene, the anchored water molecules above Sb atoms should be more sparsely distributed, which reduces the hopping probability of proton among the water molecules.
The stable surface oxidation layer may be helpful for protecting the underneath antimonene layer against its degradation upon interaction with environmental molecules. Therefore, by comparing the charge transfer behavior in antimonene and InSe, we suggest that systems with H2O molecules acting as acceptor groups tends to be stable as they are less likely to form acids under the co-adsorption of O2 and H2O molecules. The opposite implication is also true if H2O acts as a donor the structure tends to be decomposed: one example is easily degradable phosphorene where H2O is charge donor 33 . It should be pointed out that the presence of atomic defects, like vacancies, can change the trend of charge transfer behavior of the O2 and H2O molecules and the kinetics process 32 , and thus the situation may be different in the presence of defects.
Conclusions
By using first−principles calculations, we study the energetics and charge transfer of CO, NO, NO2, H2O, O2, NH3 and H2 molecules adsorbed on antimonene. It is found that NO, NO2, H2O, O2 and NH3 molecules are effective acceptors to antimonene, while H2 serves as a donor.
The NO2 has the strongest adsorption energy of −0.81 eV among all the considered molecules, which may arise from the coexistence of a large dipole moment of NO2 and resonant molecular levels with the antimonene states. The strong acceptors like NO2, NO and O2 bind more strongly to the antimonene surface than the phosphorene surface, while the weak acceptors like CO, H2 and NH3 show a weaker adsorption.
We also examine the kinetics process of the O2 molecule splitting on antimonene and find a relatively low barrier of ~0.4 eV for the O2 decomposition, suggesting that antimonene tends to be oxidized during synthesis and applications largely due to the O2 molecule rather than the water effect. Interestingly, the acceptor role of water impedes the interaction between water molecules and oxygen species on antimonene to form acids, which may be the underlying reason of the high stability of antimonene. The stable oxide layer may serve as a protecting layer for layers underneath it. While such oxide layer can serve as passivating and protecting layers for avoiding the degradation of layers underneath, for achieving a robust performance, potential antimonene devices still need to be protected via using nonconvalent functionalization 61 for suppressing the strong effect from environmental molecules as we predicted in this work.
